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Three-Dimensional Sonographic
Measurement of Blood Volume Flow 
in the Umbilical Cord
renatal identification of pathologic conditions that affect the
fetal circulation facilitates changes to obstetric management
that can favor a positive perinatal outcome. As with intrauter-
ine growth restriction (IUGR), failure of the fetus to achieve full
growth potential is associated with an increased risk of perinatal
morbidity and mortality. Despite a large body of literature,1–3 there
continues to be uncertainty with regard to the optimal timing of
delivery for IUGR gestations, particularly for more severely affected
fetuses. A 3-dimensional (3D)/4-dimensional (4D) sonographic
method for measurement of volumetric flow is proposed to aid in
the management and timing of delivery of such at-risk pregnancies.
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ORIGINAL RESEARCH
Objectives—Three-dimensional (3D) umbilical cord blood volume flow measurement
with the intention of providing a straightforward, consistent, and accurate method that
overcomes the limitations associated with traditional pulsed wave Doppler flow meas-
urement and provides a means by which to recognize and manage at-risk pregnancies.
Methods—The first study involved 3D sonographic volume flow measurements in 7
healthy ewes whose pregnancies ranged from 18 to 19 weeks’ gestation (7 singletons).
Sonographic umbilical arterial and venous flow measurements from each fetus were
compared to the corresponding average measured arterial/venous flow to assess the
feasibility of measurement in a static vessel. A second complementary study involved 3D
sonographic volume flow measurements in 7 healthy women whose pregnancies ranged
from 17.9 to 36.3 weeks’ gestation (6 singletons and 1 twin). Umbilical venous flow
measurements were compared to similar flow measurements reported in the literature.
Pregnancy outcomes were abstracted from the medical records of the recruited patients.
Results—In the fetal sheep model, arterial/venous flow comparisons yielded errors of
10% or less for 8 of the 9 measurements. In the clinical study, venous flow measurements
showed agreement with the literature over a range of gestational ages. Two of the 7 patients
in the clinical study had lower flow than anticipated for gestational age; one had a subse-
quent diagnosis of intrauterine growth restriction, and the other had preeclampsia.
Conclusions—Accurate measurement of umbilical blood volume flow can be performed
with relative ease in both the sheep model and in humans using the proposed 3D sono-
graphic flow measurement technique. Results encourage further development of the
method as a means for diagnosis and identification of at-risk pregnancies.
Key Words—color flow; Doppler sonography; intrauterine growth restriction; umbilical;
volume flow
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The proposed method serves as an alternative to tradi-
tional pulsed wave Doppler flow measurement techniques
and is independent of the assumptions required with those
traditional methods. From a clinical perspective, the pro-
posed flow measurement technique is expected to yield
reliable and consistent estimates of absolute flow across
patients, users, and systems.
Current management of IUGR relies on serial
assessments of fetal growth, amniotic fluid volumes,
fetal well-being (which may be end-stage evaluations of fetal
deterioration), and determination of blood flow patterns
through Doppler velocimetry. The lack of specificity in
these assessments yields pregnancies with constitutionally
small fetuses undergoing increased surveillance. In addi-
tion, there is a failure to recognize pregnancies that are at
risk due to decreased blood volume flow when the fetal size
is within the normal range.
The association between decreased blood volume
flow and the growth-restricted fetus is well recognized4–9;
however, the inability to obtain fetal blood flow measure-
ments in a straightforward and reliable manner limits the
use of such a metric in the identification or management of
IUGR pregnancies. Current flow measurement techniques
can only identify the end results of decreased flow, which
severely limits their use for defining any potential window
for therapeutic interventions.
Initial attempts to assess blood volume flow using
pulsed wave Doppler sonography were cumbersome,10,11
and substantial improvements to this traditional method
have been made. Despite improvements, there remain a
number of technical limitations for flow measurement:
dependence on accurate measurement of the vessel diameter,
assumptions regarding the shape and contour of a vessel,
unpredictability of flow profiles due to tortuous/spiral
morphologic characteristics of umbilical cord vessels, and
the requirement for a specific angle of insonation. Some of
these limitations, such as angle correction, can be managed
with a time investment, but many of the limitations are
inherent to the technique, which leads to inaccurate vol-
ume flow measurements and therefore limited use in the
clinical setting.
To prove the hypothesis that umbilical blood flow is
an appropriate indicator of placental function, a blood flow
measurement technique that enables straightforward, con-
sistent, and accurate assessment of placental flow is first
required. Such a method is expected to provide clinically
useful information to facilitate earlier recognition of at-risk
pregnancies and consequently earlier intervention to
improve care and optimize timing of delivery. The purpose
of this study was to provide such a method.
A 3D/4D sonographic method for measurement of
volumetric flow has been previously described that over-
comes the limitations associated with pulsed wave Doppler
techniques.12,13 In the method, the probe is positioned so
that a constant depth surface (c-surface) fully intersects the
umbilical cord’s vessels in the lateral-elevational imaging
plane. Volume flow is computed through the c-surface by
integration of Doppler-measured velocity vectors,14 and
partial volume effects are corrected for by using power
Doppler data.12,13,15 The accuracy of the method has been
demonstrated over a range of flow rates and flow situations
both in vivo and in vitro.
This study was undertaken to demonstrate and vali-
date the 3D/4D sonographic method for measurement of
umbilical cord blood volume flow in both a fetal sheep
model and humans with the intention of providing a means
by which to recognize and manage at-risk pregnancies.
Materials and Methods
Fetal Sheep Model
Animal experiments were performed under a protocol
approved by the University of Michigan’s Committee on
the Use and Care of Animals. A total of 7 healthy ewes,
each with a singleton pregnancy, were included in the study.
Gestational ages ranged from 18 to 19 weeks. Note that the
volume flow study was performed secondary to an investi-
gational study of an artificial placenta.16 General anesthesia
was induced with 12-mg/kg intravenous sodium thiopental.
After endotracheal intubation, anesthesia was maintained
by inhalation of isoflurane. Hemodynamic monitoring
included carotid arterial and jugular central venous lines.
The fetus was removed from the ewe and physiologically
monitored. The umbilical cord was placed onto a surgical
dressing while care was taken to avoid excessive strain on
the cord. Isolation of the cord helped reduce vessel move-
ment due to respiration or other bulk motion.
A LOGIQ 9 ultrasound system (GE Healthcare,
Milwaukee, WI) equipped with a 4.5–16.0-MHz probe
(4D16L) was used to acquire 4D (near–real-time 3D)
color Doppler image volumes. The umbilical cord was
visualized in cross section in the lateral-elevational imag-
ing plane. The position and tilt angle of the probe were
adjusted until a c-surface fully intersected the umbilical
cord’s two arteries and two veins. The vessel’s cross sec-
tion in the imaging plane need not be circular because the
only requirement is that the entire cross section appears in
the c-surface. The c-surface was positioned as close as pos-
sible to the focal depth, which was typically in the range of
1.0 to 2.5 cm.
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Clinical Obstetric Environment
A total of 7 healthy women whose pregnancies ranged
from 17.9 to 36.3 weeks’ gestation were recruited from the
University of Michigan Medical Center’s Fetal Diagnostic
Center (6 singleton pregnancies and 1 twin pregnancy).
Patients were undergoing routine sonographic examina-
tions. Each patient provided fully informed written con-
sent to an Institutional Review Board–approved protocol
involving transcutaneous measurement of fetal blood flow
with sonography. Fetal weight was estimated on the basis of
measurements recorded at the same time as the umbilical
volume flow measurements. Pregnancy outcomes were
abstracted from the medical records of the recruited patients.
A LOGIQ 9 ultrasound system equipped with a
2.0–5.0-MHz probe (4D3CL) was used to acquire 4D
color Doppler image volumes. The position and tilt angle
of the probe were adjusted by visualizing a free loop of the
umbilical cord in the lateral-elevational imaging plane. The
orientation of the probe was maintained in the position
where the c-surface fully intersected the umbilical cord’s two
arteries and single vein with adequate margins. The c-sur-
face was positioned as close as possible to the focal depth,
which was at 6.5 cm for most cases but ranged from 5.0 to
8.0 cm depending on the position of the cord.
Data Analysis
For both the fetal sheep and clinical obstetric studies,
multivolume data sets consisting of 50 volumes were
acquired sequentially at a rate of 1 volume every 10 seconds
(respiratory gating was not used). The 50 volumes were
randomly spaced in time to ensure appropriate sampling of
flow throughout the cardiac cycle. The selected volume of
interest was held fixed throughout the 50-volume acquisi-
tion for each data set. In the clinical study, time permitted
for 2 patients (4 and 6) to have a second 50-volume data
set recorded at a different position along the cord for com-
parison with the first data set.
The LOGIQ 9 system is equipped with the current
Digital Imaging and Communications in Medicine stan-
dard software (Medical Imaging & Technology Alliance,
Arlington, VA), which allowed the user to store 4D duplex
mode data and the associated scanner acquisition settings
for prospective analysis. The authors had full access to data
sets stored in the proprietary Digital Imaging and Com-
munications in Medicine file format.
Data were exported to an offline computer and ana-
lyzed using algorithms implemented in MATLAB 7 (The
MathWorks, Inc, Natick, MA). In MATLAB, a constant
depth cross-sectional surface that encompassed the umbil-
ical cord’s vessels was extracted from the focus (or from
near the focus) of the acquired 3D volume. Volumetric flow
was computed by surface integration of Doppler-measured
velocity vectors (SIVV) in the c-surface defined above.14
Power Doppler data were used to correct for partial volume
effects by weighting flow estimates in reference to pixels
containing 100% blood.12,13,15
Figure 1 illustrates the principles of power-weighted
SIVV for the simplified case of a single vessel positioned in
the lateral-elevational imaging plane, or c-surface. Three types
of color flow pixels exist: those inside the vessel (dark red),
those partially inside the vessel (light red), and those out-
side the vessel (white). Each color flow pixel in Figure 1
is associated with an area element, but pixels that inter-
sect the vessel also have a corresponding velocity vector.
Volume flow for an individual color flow pixel can be com-
puted using the equation Q = v × A, where v is velocity, and
A is area. Summation of these individual volume flow esti-
mates over all pixels in the c-surface yields the total volume
flow through the vessel. Note that the straightforward mul-
tiplication given by Q = v × A applies only when the velocity
vector is normal, or perpendicular, to the area element.
This requirement is satisfied inherently by the scanning
geometry of the transducer and is illustrated in Figure 1 by
the curved surface of the axial-elevational imaging plane.
J Ultrasound Med 2012; 31:1927–1934 1929
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Figure 1. Power-weighted surface integration of Doppler-measured
velocity vectors. A single vessel is positioned in the center of the c-
surface, as illustrated by the black outline in the lateral-elevational
imaging plane. Each velocity vector is normal to its respective area ele-
ment. The curvature of the scanning geometry is shown by the surface
of the axial-elevational imaging plane. Velocity vectors for one row of
pixels only are shown in both the lateral-elevational and axial-eleva-
tional imaging planes; however, note that every pixel that intersects
the vessel will have an associated velocity vector.
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The volume flow for color flow pixels positioned fully
inside the vessel (dark red pixels in Figure 1) can be com-
puted as described above. However, volume flow for color
flow pixels that only partially intersect the vessel (light red
pixels in Figure 1) must be weighted to reflect the fraction
of blood, or vessel, intersected by the area element. Power
Doppler sonography, the signal of which is assumed directly
proportional to the number of scattering red blood cells,
provides this weighting factor. In the fetus, proportionality
is supported by the absence of rouleaux17; therefore, the
power Doppler signal is highest for pixels fully inside the
vessel and tapers off as the area element crosses the vessel
boundary. The weighting factor is applied to the volume
flow estimate as follows: Q = (v × A) × w, where 0 ≤ w ≤ 1.
For example, w = 0.2 indicates a pixel containing 20%
blood; w = 0.8 indicates a pixel containing 80% blood; and
w = 1.0 indicates a pixel containing 100% blood, ie, a pixel
fully inside the vessel. The fraction of blood, w, in a partial-
volume pixel is computed in reference to the power in pixels
containing 100% blood.
Velocity and power data from each individual volume
in a 50-volume data set were used to compute a single
power-weighted SIVV volume flow estimate. The overall
flow estimate for the entire 50-volume data set was then
computed by averaging each of the 50 individual volume
flow estimates. This approach for computing flow is par-
ticularly important and valuable when there is movement
of the vessels of interest. During the clinical evaluation
studies, movement of the fetus or mother could shift the
cord within the scanning volume of interest, but as long as
the vessel of interest can be identified in the image volume
and its cross section fully imaged in the c-surface, an esti-
mate of volume flow can be made even if the vessel has
moved (the SIVV method is Doppler angle and position
independent). Volume flow estimates for individual 3D
image volumes will vary due to noise contributions such
as speckle; however, the average of the individual flow esti-
mates should yield the correct result.
Results
Figure 2 illustrates how the umbilical cord was positioned
in the 3 orthogonal imaging planes for all studies performed.
Figure 2A shows an example of a single volumetric scan
presented in the standard 4-panel view available on the
LOGIQ 9 system in the 4D color-flow mode. Orienting the
cross section of the vessels in the c-surface as described in
Figure 2 is the key for successful flow estimation. The umbil-
ical cord was positioned in the center of the c-surface, as
shown in the lateral-elevational imaging plane of Figure 2A
and illustrated in the schematic of Figure 2B. Note that in
this sample image, the two arteries are not completely iden-
tified, but the blooming was resolved using power Doppler
sonography for partial volume correction.
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Figure 2. A, Four-panel view of a single 3D color flow acquisition of
the umbilical cord of patient 6a (see Figure 6). The 4 views are as
follows: top left is axial-lateral; top right is axial-elevational; bottom left
is elevational-lateral (ie, the c-surface); and bottom right is a rendered
3D reconstruction. The top left, top right, and bottom left panels coin-
cide at the center point that is marked in each view. Arteries are
shown in blue, and the vein is shown in red. B, The schematic illus-
trates the orientation of the probe and the corresponding c-surface
in the elevational-lateral imaging plane. The vessel colors in B are oppo-
site of convention to match the directionality in A. The entire umbilical
cord passes through the c-surface, but only the cross sections of the
umbilical arteries and umbilical vein are illustrated in B.
A
B
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Fetal Sheep Model
Figure 3 shows a representative image of the averaged
power-weighted Doppler-measured velocities of the c-sur-
face intersecting the two umbilical arteries and two umbili-
cal veins in the fetal sheep model. The vessels are segmented
by directional criteria to separate arterial and venous flow.
Figure 4 provides comparisons between the umbilical
arterial and venous volume flow estimates for the 7 ewes
investigated. A natural means of comparison for verifying
the results is provided by the fact that the average blood
flow in the umbilical arteries and umbilical veins must be
equal. An image mask was required for subjects 1a, 3, and 5
to isolate umbilical vessels from surrounding color artifacts.
The error bars indicate the standard deviations of the 50
individual volume flow estimates used to obtain the mean
arterial or venous flow. Overall, the percent error relative to
the average measured arterial/venous flow was 10% or less
for 8 out of the 9 measurements. For the measurement
with an error of 20% (Figure 4, subject 3), inspection of
the individual venous volume flow estimates revealed a
drift to lower flow values over the acquisition time and thus
reduced the overall venous flow.
Clinical Obstetric Environment
Figure 5 shows an example of the averaged power-
weighted Doppler-measured velocities from the c-surface
intersecting the two umbilical arteries and umbilical vein.
Again, the vessels are segmented by directional criteria.
Umbilical venous blood volume flow estimates as a
function of gestational age were compared to results
reported in the literature by Tchirikov et al,9 who meas-
ured flow using traditional 2-dimensional (2D) spectral
Doppler imaging. Figure 6 shows the venous flow esti-
mates from the 7 patients in this study superimposed onto
the venous flow estimates from Figure 3 of the study by
Tchirikov et al.9 Results from this study are labeled with the
patient number and are shown as orange circles. It should
be noted that the c-surface for computing volume flow was
positioned 0.5 cm deep to the focus for patients 1, 2, and 7
to have a proper view of the vessels.
J Ultrasound Med 2012; 31:1927–1934 1931
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Figure 3. Representative images from sheep subject 5 showing the
power-weighted Doppler-measured velocities of the c-surface inter-
secting the fetal umbilical arteries (A) and fetal umbilical veins (B) at a
depth of 1.87 cm. Integrating over this c-surface yields the volume flow
estimate. The color bars indicate the average power-weighted
Doppler-measured velocity in meters per second.
Figure 4. Comparisons between the umbilical arterial and venous vol-
ume flow estimates made by power-weighted surface integration of
velocity vectors in 7 pregnant ewes. The percent error is computed rel-
ative to the average measured arterial/venous flow and indicates the
error variation about this mean. Error bars represent the standard devi-
ations of the 50 individual volume flow estimates; a and b refer to
repeated acquisitions in the same subject.
A
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Patients 4 and 6 had measurements taken at two differ-
ent positions along the cord, and their corresponding esti-
mates show reasonable reproducibility. Overall, although
there is some variation in the flow estimates at low (eg,
patient 5) and high (eg, patient 4) gestational ages, the
results are encouraging at intermediate gestational ages.
There was one case with a diagnosis of IUGR (patient 3
had twins: one normal and one IUGR) that was unknown at
the time of the study but whose estimated flow was con-
sistent with the IUGR patients in Figure 6 (P3 IUGR).
The flow of the normal fetus of patient 3 (P3) was consis-
tent with the normal gestation grouping of the study by
Tchirikov et al.9 Patient 2 was observed to have a normal
gestation at the time of volume flow sonography but
showed an unusually low flow of 71 mL/min at 30.2 weeks’
gestation. Approximately 2 weeks later, the patient devel-
oped preeclampsia, and the fetus was delivered early at 32.6
weeks. The neonatal weight was at the 11th percentile.
Discussion
Measurement of umbilical cord blood volume flow in both
a fetal sheep model and humans has been demonstrated
using the volume flow measurement technique described by
Kripfgans et al12 and Richards et al13; however, the updated
method presented here includes an added modification that
enables flow computation on individual volumes, which
ensures that the technique is suitable for clinical obstetric
screenings. The presented volume flow measurement
technique is attractive because it overcomes virtually all of
the limitations associated with traditional pulsed wave
Doppler methods and ultimately provides a reliable and
consistent means to assess placental blood flow and man-
age at-risk pregnancies.
The umbilical cord is particularly well suited for volume
flow measurement due to characteristic features of the
imaging environment. First, the umbilical cord is floating in
amniotic fluid, which is relatively free of background scat-
tering materials when compared to the soft tissue back-
ground that typically surrounds blood vessels in other sites
of the body. Therefore, the need for background clutter
discrimination and removal, which is required for Doppler
flow imaging, is minimized when evaluating umbilical cord
flow. Second, there is a natural means of comparison between
blood flow in the umbilical arteries and the umbilical vein
because on average the arterial and venous flows must be
equal. This characteristic, which is uncommon in other in
vivo locations, enables one to verify the results in a benign,
noninvasive manner. Third, the measurement of umbilical
flow has a compelling clinical application because it enables
detection and identification of fetuses at risk for IUGR.
In contrast, the umbilical cord presents new challenges
for blood volume flow measurement. For example, in the
range of gestational ages investigated in this study, each
umbilical artery is expected to increase in diameter from 1.9
to 3.7 mm and the vein from 3.6 to 7.6 mm.18 In the pres-
ence of such small vessels, it is a challenge to position a
group of ultrasound beams completely in either the arter-
ies or the vein; therefore, a 100% blood estimate may not
always be available for partial volume correction. As an
alternative, other areas at similar depth to the umbilical
cord, such as the fetal heart, could provide a 100% blood
estimate for partial volume correction.
Motion of the fetus that includes active kicking or hit-
ting of the cord can also be problematic for flow measure-
ments. A moving target can increase the apparent size of
the umbilical vessels due to smearing (if the cord moves
during a volume acquisition), or the umbilical vessels can
be kicked outside the region of interest, at which point a
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Figure 5. Representative images from patient 6a showing the power-
weighted Doppler-measured velocities of the c-surface intersecting
the two umbilical arteries (A, arrowheads) and single umbilical vein
(B) at a depth of 6.63 cm. Integrating over this c-surface yields the
volume flow estimate. The color bars indicate the average power-
weighted Doppler-measured velocity in meters per second.
A
B
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volume flow measurement is not possible. Motion of the
fetus is particularly important to consider when a mechan-
ical 3D probe is used for volume acquisition. In this study,
approximately 8 minutes was required to obtain a sufficient
number of samples for a statistically valid flow estimate.
Although the acquisition time for the multivolume data set
is rather long, the method of computing volume flow on indi-
vidual volumes, as described in this article, minimizes inap-
propriate averaging in the presence of motion. Furthermore,
a 2D electronic ultrasound array can sweep 3D volumes
more rapidly than a mechanical 3D probe; therefore,
acquisition would be even less dependent on the fetus’s
cooperation. Previous studies13 have shown that even in
pulsatile flow conditions, relative errors as small as 5% can
be achieved after only 15 volume samples have been
acquired. Two-dimensional electronic ultrasound arrays
could acquire such a small number of samples in seconds.
In the presence of constant flow, such as the umbilical vein,
even fewer samples and less time would be required for
equivalent accuracies.
Despite these challenges, estimates of volume flow
with the proposed technique12,13 are no longer dependent
on the angle of insonation, the geometry of the blood vessels
being sampled, or the flow profiles in the vessels. All of these
properties are advantageous when imaging the umbilical
cord because it can be difficult to angle correct tortuous
and spiraling vessels; the umbilical vein often lacks a cir-
cular cross section; and tortuous vessels can induce asym-
metric flow profiles. Literature emphasizes the importance
of measuring umbilical cord blood flow,9,19–21 but unfor-
tunately, the measurement is not part of the standard fetal
survey because of the unreliability and difficulty in making
the measurement using traditional techniques.
The preliminary data presented here indicate relatively
good agreement between the arterial and venous meas-
urements in the 7 ewes. The percent error relative to the
average measured arterial/venous flow was 10% or less for
8 of the 9 measurements. In addition, the results from the
clinical evaluation show good agreement with the results
from the study by Tchirikov et al9 at intermediate gesta-
tional ages. Variation in the clinical measurements is largely
due to the reduced vessel size and positional variation of
the cord induced by fetal motion. The acquisition of the
sheep data did not suffer from these two limitations
because the higher-frequency transducer was physically
attached to the umbilical cord. Of the 7 patients in the
J Ultrasound Med 2012; 31:1927–1934 1933
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Figure 6. Venous flow estimates from the 7 patients in this study (made by power-weighted surface integration of velocity vectors) superimposed
onto venous flow estimates from Figure 3 of the study by Tchirikov et al.9 The patient results from this study are shown as orange circles. Patients are
identified by the letter P followed by the corresponding patient number, and a and b refer to measurements taken at two different positions along the
same patient’s cord. P3 IUGR refers to a case that had a diagnosis of IUGR subsequent to the volume flow sonographic scan. P2* refers to a case in
which preeclampsia developed subsequent to the volume flow sonographic scan. The results from Tchirikov et al9 show open black circles for nor-
mal gestations, closed black circles for IUGR-compromised gestations, and closed black squares for cases in which normal flow was detected but
the outcome score was the lowest possible value in the pathologic group. Solid and dotted lines represent a linear and power function regression
of controls, respectively, as they appear in the study by Tchirikov et al.9 Original image reproduced by permission from Tchirikov et al.9
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clinical study, a proven case of IUGR and a proven case of
preeclampsia were found. Although neither case was sus-
pected at the time of patient recruitment, both cases showed
lower flow than anticipated for gestational age, as indicated
on Figure 6.
Absolute truth measurements for arterial and venous
flows could not be obtained with the sheep data because
the volume flow study was performed secondary to an
investigational study of an artificial placenta,16 where the
attachment of flow meters to vessels in the cord could com-
promise those studies. One of the limiting factors in the
measurement of clinical umbilical flow is the lack of a ref-
erence standard for comparison because both electro-
magnetic and ultrasonic flow meters are invasive. This
limitation exists for all patient studies including this one;
however, unlike this study, all other patient studies meas-
uring umbilical cord blood flow using Doppler sonogra-
phy also suffer from the angle–, vessel geometry–, and flow
profile–related limitations described above.
Accurate measurements of umbilical blood volume
flow can be performed with relative ease using the proposed
3D sonographic flow measurement technique. This method
is superior to traditional pulsed wave Doppler flow meas-
urement and can yield reliable and consistent flow estimates
to facilitate the management and timing of delivery of at-
risk pregnancies. Once implemented on clinical ultrasound
scanners, the proposed method could operate in real time,
similar to standard color flow imaging. Therefore, measure-
ments of umbilical cord blood flow would be straightfor-
ward and performed as part of routine fetal surveys.
Although a limited number of patients were recruited
in this study, the results indicate consistency with venous
flow estimates reported in the literature and encourage fur-
ther development of SIVV for umbilical flow measure-
ment. Future work will involve studies that verify flow
estimates in the sheep umbilical cord with absolute-truth
flow meter measurements, as well as studies in ongoing
pregnancies to further correlate umbilical flow with preg-
nancy outcomes.
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